massive Dirac electron Landau levels (LL) in layer-polarized MoS 2 samples with mobilities of 22000 cm 2 /(V·s) at 1.5 K and densities of ∼ 10 12 cm −2 . With decreasing the density, we observe LL crossing induced valley ferrimagnet-to-ferromagnet transitions, as a result of the interaction enhancement of the g-factor 10, 11 from 5.64 to 21.82. Near integer ratios of Zeeman-to-cyclotron energies, we discover LL anticrossings due to the formation of quantum Hall Ising ferromagnets [12] [13] [14] , the valley polarizations of which appear to be reversible by tuning the density or an in-plane magnetic field. Our results provide compelling evidence for many-body interaction effects in the conduction bands of monolayer MoS 2 and establish a fertile ground for exploring strongly correlated phenomena of massive Dirac electrons.
Semiconducting transition metal dichalcogenides (TMDCs) such as MoS 2 , MoSe 2 , WS 2 , and WSe 2 form a family of layered 2D materials exhibiting novel electronic and optical properties 1-3, 5, 15-17 . In monolayer TMDCs, the inversion symmetry is strongly broken, leading to a massive Dirac band structure at the K/K' valleys with nontrivial Berry phase effects [2] [3] [4] . The spin-orbit coupling (SOC) further splits the two spin subbands in each valley, whereas the spins are quantized along the out-of-plane direction due to the mirror-plane symmetry. Thus, below the energy of intra-valley spin splitting, the subbands are valley degenerate and spin-valley locked (Fig. 1a) .
Such a remarkable band structure gives rise to the intriguing circular dichroism [1] [2] [3] , valley Hall effects 15 , Ising superconductivity 5 , and anomalous Landau level (LL) structure 4, 18 (Fig. 1b) .
By contrast, intrinsic bilayer MoS 2 has a restored inversion symmetry and enjoys a spin degeneracy of opposite layers 19, 20 . Because of the vanishing interlayer coupling at the conduction band edge at the K/K' points 21 , a backgate voltage V g can easily induce a potential difference between the two layers 19, 20, 22 , thereby breaking the inversion symmetry and polarizing the electrons to one of the two layers when Fermi level is lower than the potential difference. Therefore, the low energy electron band structure for such a layer-polarized MoS 2 (Fig. 1a) resembles that of monolayer MoS 2 2-4 , for which it is technically more difficult to achieve high-mobility samples.
When subjected to a perpendicular magnetic field B, the massive Dirac electrons are quantized into anomalous LLs (Fig. 1b) with a cyclotron gap E c = eB/m * , where is the reduced Planck constant, e is the electron charge, and m * is the effective mass. Notably, the N = 0 LLs exist in only one valley. Below the energy of SOC induced spin splitting ∆ SOC , the N = 0 LLs are valley degenerate and spin-valley locked (Fig. 1b) . A valley Zeeman effect 3, 23 can lift the degeneracy by producing a gap E Z = g LL µ B B, where g LL is the effective g-factor in the LL structure, and µ B is the Bohr magneton. The ratio of Zeeman-to-cyclotron energies E Z /E c can be strongly enhanced by electron-electron interactions, and the LLs of different valleys would cross each other if E Z /E c > 1. Based on such LL crossings or the more tantalizing anticrossings, here we examine the strongly interacting behaviors of massive Dirac electrons in the layer-polarized MoS 2 .
A bilayer MoS 2 flake was first exfoliated onto a silicon wafer, then identified by optical contrast, and subsequently encapsulated by two insulating hexagonal boron nitride (hBN) layers.
The hBN encapsulation protects the MoS 2 from impurity contamination and degradation 24, 25 . The sandwich structure was patterned and contacted by Ti/Au electrodes 24, 25 . Figure 1c From the conductance of the n-type field effect channel at 1.2 K (Fig. 1c) , the mobility is calculated as µ = (dG/dV g )l/(wC g ) ≈ 22000 cm 2 /(V·s), where l = 7.6 µm and w = 2.6 µm are the length and width of the channel, respectively, C g is the gate capacitance determined by the linear relation between V g and the electron density n 22 . The high mobility and low contact resistance allow us to observe Shubnikov-de Haas (SdH) oscillations down to a carrier density as low as 6.3 × 10 11 cm −2 22 , which is hitherto the lowest density for few-layer TMDCs. At B > 10 T, the system is driven into the quantum Hall regime ( Fig. 1d ): the onset of plateaus are clearly developed in the Hall resistance (R xy ), although the minima remain non-zero in the magneto resistance (R xx ). Figure 1e showcases the measured R xx and R xy at n = 3.52 × 10 12 cm −2 . The LL filling factors are labeled in blue for R xy by ν = (2π /e 2 )/R xy and in black for R xx by ν = 2πn /eB.
Evidently, the LLs are doubly degenerate at B < 12.5 T, and the degeneracy is lifted at higher To determine the valley susceptibility (related to E Z /E c ), one might suggest to apply an inplane magnetic field that would enhance E Z without affecting E c 6, 12 . In fact, because of the spin splitting and pinning to the out-of-plane direction, the LLs are immune to the in-plane Zeeman field. Thus, the commonly used tilt field method is not applicable to our system 7, 22 . However, for a strongly interacting 2D electron gas, lowering the density n can enhance E Z /E c 7-11 . It
follows that E Z /E c can be determined by using the LL fan diagram, i.e., the mapping of SdH oscillation amplitudes in the n-B space. and anticrossings with alternating brightness, i.e., between the brighter and dimmer levels. For instance, the red and blue lines mark one pair of anticrossing levels at ν = 7, with the anticrossing point highlighted by the orange oval, which will be discussed in the last part of this paper.. By contrast, on the lower right side there are no dimmer levels or crossings.
The alternating brightness (Fig. 2a) can be attributed to the filling of LLs in different valleys by using the valley-resolved Lifshitz-Kosevitch (LK) formula 26, 27 :
where λ = 2π 2 k B T /E c is the thermal damping, and τ K,K are the valley-resolved scattering time.
Given the anomalous LL structure for massive Dirac electrons 4 ( Fig. 1b) , Fig. 2b , the left panel displays the experimental
∆R xx (open circles) at n = 2.26 × 10 12 cm −2 and the fitted ∆R xx (purple line) using Eq. (1) with N r = 10; the best fitting yields E Z /E c = 3.5. The right panel plots the individual contributions to the fitted ∆R xx from each valley; while both become stronger with increasing B, those of valley K' electrons are relatively weaker and cease at ∼ 18 T or ν = 5. These findings suggest that the dimmer levels ( Fig. 2a) and the flat R xx region (Fig. 2b) correspond to LLs in valley K', and, more significantly, that a valley ferrimagnet-to-ferromagnet transition occurs at ∼ 18 T or ν = 5
for n = 2.26 × 10 12 cm −2 . In addition, the fitting indicates a valley-dependent scattering time
explaining the stronger SdH oscillations in valley K. τ K,K obtained by this method have the same order of magnitude with that obtained by a temperature-dependent analysis 22 . (Fig. 3a) . Now we use similar transitions in the LL fan diagram to extract the E Z /E c values at lower carrier densities. Since the R xx minima are most striking when E Z /E c are integers or half integers, we identify that n = 1.97, 1.55, and
1.33×10 12 cm −2 correspond to E Z /E c = 4, 4.5, and 5, respectively. Figures 3b-3d display the observed R xx and R xy for these densities, in good agreement with their characteristic LL structures (Fig. 3e) .
The effective g-factor in the LL structure can be obtained by
which is 2 in the large n (non-interacting) limit. In the B → 0 limit, the effective g-factor for the conduction-band valley Zeeman effect is g * = g LL +2m 0 /m * , and 2m 0 /m * = 3.64 arises from the valley magnetic moment of massive Dirac bands 28 (which, if B = 0, would lead to the gap between the lowest LLs in different valleys 4 (Fig. 1b) ). The effective valley susceptibility (∝ g * m * ) can be further obtained: g * m * /m 0 = 3.1 (g * = 5.64) in the large n limit and g * m * /m 0 = 12 (g * = 21.82)
at n = 1.33 × 10 12 cm −2 . (We have assumed g LL > 0, i.e., the valley with the N = 0 LL shifts down in energy. If g LL < 0, then g * m * /m 0 would be 0.9 in the large n limit and −12 at n = 1.33×10 12 cm −2 .) The best fitting in Fig. 3f gives g * m * /m 0 = 3.1+10.8n −7/10 , which may be improved in future experiments that can take into account the neglected electron-hole asymmetry 29 and minority orbitals 21 . The giant valley susceptibility and its enhancement with decreasing n are most likely due to the electron-electron interactions in our system 10, 11, 30, 31 . The interaction strength can be indicated by the dimensionless Wigner-Seitz radius r s = 1/( √ πna * B ) 11 , where
is the effective Bohr radius, and ≈ 4 0 is the dielectric constant in our sample 32 . Our studied densities yeild r s ∼ 10 ( Fig. 3f) , which is indeed a strong interaction regime 11 .
At those densities with integer E Z /E c , LL anticrossings are also observed, e.g., evidenced by the secondary R xx minima at ν = 5, 7, 9, and 11 in Fig. 4b for n = 3.
By applying our established result that the LLs in valley K enjoy larger R xx peaks to Fig. 4b, we can directly obtain the depicted LL structure. This allows us to label the valley polarizations of the quantum Hall states in Fig. 4a , as defined by ( Fig. 3b) . Figure 4d shows the temperature dependence of the anticrossings. Clearly, the anticrossing gap at ν = 7 disappears at ∼ 3.3 K, whereas the single-particle gap at ν = 6 disappears at a much higher temperature ∼ 10.1 K. This provides further evidence for the many-body origin of the anticrossings. Moreover, the normalized R xx at ν = 7 exhibits a small peak at the shoulder, as pointed out by the arrow in the inset of Fig. 4d . Such an enhancement is reminiscent of those observed in the AlAs quantum well at much lower densities 33 and can be related to the charge transport along the domain wall loops near the first order Ising transition 34 . Possible evolution and hysteresis 33, 35 of such a peak in future experiments at lower temperatures may completely decipher the anticrossings. Ising ferromagnet.
In conclusion, we fabricate high-quality layer-polarized n-type 
